Background: Computed tomography (CT) screening of the chest has shown promise for early detection of lung cancer, but evidence for a reduction in lung cancer
Introduction
Lung cancer accounts for one third of cancer deaths in men and one fourth of cancer deaths in women in the United States, despite advances in the treatment and prevention of this disease. 1 The disease-specific mortality is declining in most age groups, except in women 65 to 74 years of age, where death rates continue to rise. 2 Without the development of efficacious primary prevention, the number of people diagnosed with lung cancer is expected to double in the next 50 years. Former smokers maintain lung cancer incidence rates that are greater than comparable never smokers, and these rates will increase substantially as they age.
Lung cancer treatment and survival are functions of disease stage at presentation. As stage I and II tumors rarely cause symptoms, the disease is usually diagnosed in advanced stages (stage III and IV) when potentially curative therapy is often beyond the reach of physicians' present capabilities. As a result, the overall 5-year lung cancer survival rate is only 14%, with 22% to 67% for stage I and II lung cancer and 1% to 25% for advanced stages. 3 Based on these survival results and the assumption that 5-year survival is equal to cure, the hypothesis that "early detection by screening asymptomatic individuals will result in a decline in overall and disease-specific mortality from lung cancer" has been formulated. However, none of the professional health organizations and task forces currently endorse screening for lung cancer with radiologic imaging techniques. This is a result of 3 large randomized trials that were conducted in the United States and Europe between 1960 and 1980. [4] [5] [6] These trials used frequent (every 4 to 6 months for 3 to 6 years) two-dimensional chest radiography (CXR) as a screening tool, and details are provided in Table 1 . Cancers were detected at earlier stages, more cancers were resectable, and 5-year survival rates were significantly better in the screened groups compared to the control groups. However, mortality rates from lung cancer, overall mortality, and the number of unresectable cases were not significantly reduced on final evaluation. These results may be explained by lead-time bias, length-time bias, overdiagnosis, and the finding that many people in the "control group" actually had frequent CXR, which may have skewed the controls toward relatively early diagnosis of lung cancer. The impact of these biases has been explained, reviewed, and discussed elsewhere. [7] [8] [9] Computed tomography (CT) of the chest has been reported to be superior to CXR in detecting pulmonary nodules. 10 This implies that an increase in the detection rate of putatively surgically curable lung cancers and a concomitant decline in incurable late-stage disease (ie, a stage shift) as a result of CT screening should lead to a decline in lung cancer-specific mortality, which is the ultimate goal of all early detection trials. However, whether CT screening will result in a reduction of lung cancer mortality is not known. The question of CT screening efficacy is paramount, since at least one economic analysis has shown that screening with CT is cost-effective compared to other methods of screening for lung cancer. 11 However, a recent decision follow-up follow-up follow-up * Number of subjects in the screening cohort. ** Cases detected by chest radiography; cases detected by sputum cytology only are excluded (N=17). PY = pack-years (number of packs of cigarettes smoked per day multiplied by the number of years smoked) NS = not specified and economic analysis has suggested that the incremental cost-effectiveness associated with screening a population of current and former smokers over the age of 60 years is between $116,300 and $2,322,700 per quality-adjusted life-year gained. 12 We have undertaken a systematic review of available studies to obtain evidence if screening by CT is able to (1) detect smaller cancers than traditional screening methods, (2) determine whether shifting the distribution toward earlier stage at detection occurs, and (3) determine if there is evidence for a decrease in lung cancer mortality. 
Methods

Search Methods
Study Selection
All observational studies and randomized, controlled trials (RCTs) of screening vs no screening with chest CT were eligible for this review. Studies utilizing screening via CT vs some other screening method or no screening at all were eligible for inclusion. For the RCTs, any method of randomization was eligible. Trials of screening alone and screening followed by treatment were also included. Papers were not excluded based on language. A flow diagram of the search strategy is illustrated in the Figure. Initially, 208 articles were identified for possible retrieval. After further review, we excluded 200 articles that were review articles containing no primary data, duplicate studies, preliminary reports later available as full reports, or technical reviews of methods. Eight papers published as full reports were used for data extraction. The data extracted were focused on the results from prevalence screening, and the respective data variables are shown in Tables 2 and 3 .
Outcomes
The main outcomes of interest were detection rate of cancer, stage of cancer at detection, and lung cancer mortality. Other outcomes of interest included detection rate of suspicious lesions, overall mortality, histology of detected cancers, as well as screening-related morbidity and surgeries. The specific assessment questions were: What is the detection rate of screening CT for lung cancer in asymptomatic individuals, what is the stage distribution of detected lung cancers, and what is the disease-specific mortality? For analysis, data were extracted from the publications and tabulated. Specific attention was given to the demographic characteristics and potential exposures of the respective cohorts studied as well as the criteria used to evaluate the CT scans and to initiate subsequent workups.
Results and Discussion
Overview
An electronic search of the literature and handsearched review of selected bibliographies resulted in 8 papers published as full reports that were used for data extraction. [13] [14] [15] [16] [17] [18] [19] [20] None of the identified papers were randomized, controlled trials. While two of the papers used same patient comparisons with concurrent CXR as the control, 14, 18 the remaining were single-arm prospective cohort studies without explicit historical controls. The largest and smallest reported sample sizes in these studies were 7,956 and 118, respectively. 13, 17 A total of 19,107 subjects were screened using CT. Overall, the reported gender distribution showed 69.6% were men and 30.4% were women. Gender was not reported for 118 subjects. The estimated median age in these studies was 60 years (range 38 to 85 years). Table 2 itemizes the demographics and study characteristics on the 19,107 subjects who underwent lung cancer screening by CT. Except for two studies, 15, 17 nearly all subjects were current or former smokers (86% to 100%). Asbestos exposure was reported in three studies, 14, 16, 20 and evidence for asbestos-related lung disease was a requirement for study participation in one study. 20 This is the only study in which comorbid conditions of subjects are specifically reported. The study by Matsumoto et al 13 was a pilot study to assess the feasibility of using a mobile CT scanner for early lung cancer detection in Japan. This was a small study with 118 participants and limited available information. Because of these limitations, this study is not included in the description and discussion of reported results on CT as a screening tool for lung cancer.
Detection Rate of Lung Cancer and Factors Associated With Risk
Among all studies, the detected prevalence for lung cancer using CT ranged from 0.40% 15 to 2.70% 14 ( Table  3 ). All studies were conducted in comparable yet dis- tinctly unique populations. Comparable features included a relatively strong smoking history of most participants and age above 40 years. Age was a strong risk factor for lung cancer, with combined detection rates of 0.25% in the youngest participants to 1.40% in the oldest participants (Table 4) . In four studies, 14, 16, 19, 20 nearly 100% of participants were active or former smokers. In three studies, 14, 16, 19 the median number of pack-years smoked was 45; however, they differed in their age eligibility criteria. Henschke et al 14 required participants to be ≥60 years of age and the lung cancer detection rate was 2.70%, while Diederich et al 16 reported a detection rate of 1.35% in participants over the age of 40 years, and Swensen et al 19 reported a rate of 1.38% in participants over the age of 50 years. This illustrates that the difference in lung cancer detection rates among these three studies can be explained by the age difference in the respective cohorts. In contrast, in the study by Tiitola et al, 20 participants had a median cigarette consumption of 24 pack-years and the lung cancer detection rate was 0.40% despite the added risk of asbestos exposure. The mean age in this group was 63 years (range 38 to 81 years), which is similar to the mean age of 59 years (range 50 to 85 years) in the study by Swensen 18 In the former study, 46% of participants were smokers and the lung cancer detection rate was 0.40%, while in the latter study, 86% were smokers and the detection rate was 0.81%. None of the studies provided data on the amount of cigarettes smoked per day, the smoking duration, and the age of first smoking of participants. Thus a more detailed analysis on the impact of smoking behavior on CTdetected lung cancer prevalence rates in asymptomatic individuals is not possible. The relative contribution of gender to lung cancer risk cannot be assessed from the studies reviewed, although it appears that women were at an equal or perhaps slightly increased risk for lung cancer, 15, 17 which is consistent with numerous epidemiologic reports. 21 It can thus be concluded that the detected lung cancer prevalence in asymptomatic individuals is a function of participants' age and smoking history.
Detection Rate of Lung Cancer on CT and CXR
Two studies 14, 18 found that when comparing lowdose CT with CXR, CT screening detected more lung cancers (27 by CT vs 7 by CXR in one study, and 13 by CT vs 5 by CXR in the second). The prevalence detection rates for CXR (0.70% and 0.31%) are equivalent to those reported from the randomized lung cancer screening trials in comparable study populations conducted in the 1970s 5 and 1980s 6 of 0.68% and 0.30%, respectively. These comparable prevalence detection rates by CXR in studies that are two decades apart is remarkable, given the advances in radiography equipment and the shift in lung cancer histology from squamous cell carcinoma as the most frequent subtype in the 1970s to adenocarcinoma as the most frequent current subtype. It can thus be concluded that screening of asymptomatic individuals for lung cancer with lowdose CT results in an approximately 3-fold higher detection rate than screening with CXR.
Stage of Cancer at Detection
With regard to stage distribution in all CT screening studies, the number of stage I or II lung cancer cases was 119, compared to 18 for stage III or IV (including smallcell lung cancer cases). The stage distribution in the screened cohorts of the previously referenced early detection trials with CXR was 155 resectable and 174 unresectable cases. A clear comparison of these data is difficult for several reasons: (1) the differences in the terms resectable and unresectable in stage I/II vs stage III/IV, (2) a change in the staging system, (3) the development of more sensitive tests to detect metastases, and (4) the frequent use of surgical staging in the recent CT screening studies. These developments have resulted in up-staging rather than down-staging of newly detected lung cancer cases. Thus, cases that might have been staged as resectable in the 1970s are more likely to have been staged as unresectable in the 1990s. In addition, two of the recent CT screening studies also used CXR screening for comparison. In these studies, the combined CT-vs CXR-detected lung cancer cases were stage I in 33 vs 7 cases, stage II in 1 vs 1 case, and stage III in 6 vs 4 cases. This suggests that the higher detection rate of lung cancers by CT compared to CXR is mainly a result of an increased number of cancers detected in stage I of the disease. It appears that the increase of cases with stage I is not accompanied by a decrease in the number of cases with inoperable stages of lung cancer. If this observation is confirmed in the ongoing and planned randomized early detection trials with CT, then it is unlikely that a decrease in lung cancer mortality will occur. A decrease in lung cancer mortality would require a stage shift in the screening detected cases, ie, a decrease in inoperable cases and an increase in operable cases. If only an increase in operable cases is observed, then an increase in lung cancer incidence will occur, likely as a result of overdiagnosis. Measurement of 5-year survival as an outcome parameter for screening trials is an insufficient parameter of screening efficacy. This is exemplified by the referenced CXR-based screening trials, where 5-year survival was increased in the screened cohorts yet not accompanied by a decrease in mortality. It can thus be concluded that screening of asymptomatic * The relative risk for lung cancer by age groups is provided by comparing the frequency of CT screening-detected lung cancers in age group 40-49 years with those in the older age groups. Studies that did not specifically report detection rates by age decades are not listed. 
Lung Cancer Mortality and Overall Mortality
Data on disease-specific and overall mortality are provided in Table 3 . These data are incomplete and do not allow for a conclusion regarding the impact of CT screening on these crucial determinants of screening efficacy. First and foremost, a clear impact of screening on mortality can come only from randomized, controlled trials such as those originally conducted to assess the efficacy of CXR. Second, the reported followup periods on the referenced CT screening trials are too short for a meaningful comparison with global ageadjusted lung cancer mortality data, and 5-year survival results are insufficient to show screening efficacy because of the inherent biases of such data. Third, participants in the reported CT screening trials represent special populations, and therefore the results obtained are not necessarily applicable to the population at large. Notably, the study that included asbestos workers had the highest lung cancer and overall mortality rates, 20 which can be explained by the comorbidities of the study participants. A conclusion on the efficacy of CT screening on disease-specific and overall mortality cannot be reached from the available data.
Screening-Related Morbidity and Mortality
No screening-related deaths were reported. Only one of three studies that reported surgery-related deaths incurred an actual death, 20 and there was no surgery-related morbidity or mortality reported by other studies. A conclusion on screening-related morbidity and mortality cannot be reached based on the reported results.
Histology of Detected Lung Cancers
The predominant histology of lung cancers detected in the CT screening trials was adenocarcinoma, accounting for 109 (79.6%) of the 137 lung cancers. Only 17 cases (12.4%) of squamous cell carcinoma and 11 (8.0%) of other subtypes were reported. These numbers are clearly divergent from the numbers reported in the Surveillance, Epidemiology, and End Results (SEER) database for a comparable time period (ie, lung cancer cases from 1983 to1992), where adenocarcinoma accounted for 34.9%, squamous cell carcinoma for 31.4%, and all others for 33.7% of lung cancers. This strongly suggests that CT screening as a tool for secondary prevention of lung cancer preferentially detects adenocarcinomas and may not be sufficiently sensitive to detect squamous and small-cell carcinomas. Thus, it can be concluded that CT screening as a tool for early detection of lung cancer results in over-sampling for adenocarcinomas by a factor of 2 or more.
Detection Rate of Suspicious Abnormalities (Noncalcified Pulmonary Nodules)
The rate of noncalcified pulmonary nodules (NCPNs) ranged from 5.1% to 51.4% (Table 3) , and the smallest diameter of detectable lesions was below 3 mm. Thus, the positive predictive value (proportion of lung cancers among those with suspicious lesions) of CT scanning for lung cancer was variable (0.02 to 0.12). This range is comparable to that of mammography in breast cancer screening or fecal occult blood testing in colorectal cancer screening. 22, 23 Neither the specificity nor the sensitivity of CT scanning for lung cancer detection can be assessed because the proportion of individuals "truly negative" for lung cancer at the time of testing is unknown. Given the discrepancy in the distribution of histologic subtypes of lung cancers detected by CT compared to those reported nationwide, it is reasonable to assume that the false-negative rate of CT scanning for lung cancer may be substantial. An estimate is reported by Sone et al 15 Table 5 ), while the lung cancer risk increases with age. As a result, the positive predictive value of CT for lung cancer detection is best for subjects over the age of 60 years (~0.08), it is low (~0.04) for subjects between 50 and 59 years, and it is vanishingly small (~0.00) for subjects less than 50 years of age. These numbers apply to populations with low or minimal comorbidity such as those found in the reported screening cohorts and for prevalence screening only.
Quality Assessment
After reviewing the articles for quality, we found that available evidence on the role of CT screening in early detection of lung cancer is limited and that the reported results may be biased. Some are as follows:
• Less than half of the articles reviewed used a broad spectrum of patients or described the selection criteria of their subjects. As a result of the differences in demographic and clinical features between populations, measures of diagnostic accuracy may be confounded by biologic differences in population disease frequency, resulting in spectrum bias.
• Most studies used consensus among readers to resolve disagreement for questionable results. However, it is unclear if the readers were blinded to patient information or to the results of other tests, thus raising the potential for review (detection) bias. 24, 25 • In many of the studies, patients received a different reference test to verify the results of the CT screen. This is likely to result in partial verification bias. 24, 25 • Finally, none of the articles addressed how withdrawals or losses to follow-up were handled in analysis, which can lead to biased estimates of test performance. 26 
Conclusions
Two decades of trials with CT scanning for secondary prevention of lung cancer have taught us many valuable lessons on how to best deploy this powerful technique. Given its exquisite sensitivity in detecting radiographic pulmonary abnormalities, CT scanning is best suited in populations with a low probability of benign pulmonary abnormalities (eg, histoplasmosis, tuberculosis, and interstitial pneumonitis). In such a population, the highest positive predictive value for lung cancer will be in persons above 60 years of age. This is exemplified by the Early Lung Cancer Action Project (ELCAP) study, which enrolled patients above the age of 60 with a history of moderate cigarette use and no other significant comorbidities (participants had to be asymptomatic and medically fit for surgery). The rate of NCPNs in this study was 23.3%, the rate of cancers was 2.7%, and the positive predictive value was 0.116, which is the highest of all reported studies. Currently available results are encouraging for a possible future utility of this method in combating lung cancer mortality. Demonstrating a longer survival is a certainty for this technology and easily explained by lead-time bias.
History has taught us a lesson; hopes were high in the 1960s, when pilot trials with CXR showed promising results akin to those described here for CT. It is our obligation as highly trained academicians and physicians to individuals at risk and to future generations to complement the CT pilot studies with definitive, prospective, unbiased, and population-wide trials in order to either accept or reject the working hypothesis that early detection of lung cancer by CT screening will reduce lung cancer mortality.
